Alphaviruses establish a persistent infection in arthropod vectors which is essential for the effective transmission of the virus to vertebrate hosts. The development of persistence in insects is not well understood, although it is thought to involve the innate immune response. Using a transgenic fly system expressing a self-replicating viral RNA genome analog, we have previously demonstrated antiviral roles of the Drosophila Imd (immune deficiency) and Jak-STAT innate immunity pathways in response to alphavirus replication. In the present study, comparative microarray analysis of flies harboring an alphavirus replicon and control green fluorescent protein flies identified 95 SINrep-sensitive genes. Furthermore, a subset of these genes is regulated by Rel or STAT transcription factors of the Imd and Jak-STAT pathways, respectively. We identified two antimicrobial peptide genes, attC and dptB, which are SINrep sensitive and regulated by STAT and Rel, respectively. SINrep flies heterozygous for attC had an increased viral RNA level, while knocking down dptB in SINrep flies resulted in impaired development. When injected with whole virus, the double-stranded RNA knockdowns of either attC or dptB showed a significant increase in virus titers. Our data demonstrate an antiviral response involving the Imd and Jak-STAT mediated expression of dptB and attC.
A
lphaviruses are arthropod-born RNA viruses. Through enzootic transmission, alphaviruses circulate between an amplifying host, such as birds, and an arthropod vector, typically mosquitoes. Transmission to humans often leads to disease and death in severe cases. In recent years, the resurgence of Chikungunya virus (CHIKV) in Europe, Asia and the Americas has brought alphaviruses to the attention of public health organizations as emergent pathogens (1, 2) . In humans, symptoms of alphavirus infection range from rash and arthritis to encephalitis in severe cases (3, 4) . Currently, no effective human vaccination is available for the prevention and treatment of alphavirus infection.
Alphaviruses can replicate efficiently in both vertebrate and invertebrate hosts; however, the pattern of infection differs in a host-dependent manner. Vertebrates infected with alphaviruses develop an acute infection that is cleared by the host immune system, while arthropods maintain a persistent infection, which is crucial for efficient transmission (5, 6) . How arthropod hosts respond to alphaviruses and influence their amplification leading to a persistent infection is still not well understood. Here, we examine aspects of the innate immune response of arthropods to Sindbis virus (SINV), the type species of the Alphavirus genus.
Innate immunity pathways play a vital role in combating microbial infections in arthropods. Pathways, such as Toll, Imd, and Jak-STAT, are known to respond to infection and lead to the transcription of genes involved in fighting the pathogen (7) (8) (9) . Common downstream processes include the production of humoral factors, such as antimicrobial peptides secreted from the fat body and phagocytosis, encapsulation and melanization by hemolymph (7, 8, 10) . In terms of antiviral defense, it is known that arthropods employ the RNA interference (RNAi) pathway, the innate immunity pathways mentioned above, and processes such as autophagy and the phenoloxidase cascade to fight virus infection (11, 12) . Studies have shown that in Drosophila, virus replication initiates and becomes the target of RNAi silencing (13) (14) (15) (16) (17) (18) . Depleting Dicer-2 of the RNAi machinery in Drosophila results in higher susceptibility to infection by flock house virus (Nodaviridae), Drosophila C virus (DCV; Dicistroviridae), Sindbis virus (SINV; Togaviridae), and Drosophila X virus (DXV; Birnaviridae) (13, 19) . This mechanism is supported by the discovery of viral proteins that serve as RNAi suppressors (17, 20) . Recently, Sabin et al. reported that Ars2 was important in the biogenesis of both small interfering RNA (siRNA) and microRNA (miRNA), suggesting the involvement of miRNA-mediated silencing as well (21) .
Viral infection also triggers innate immunity signaling cascades, resulting in changes in transcription. The Toll, Imd, and Jak-STAT pathways have been shown to be activated by viral infection and responsible for an antiviral response. The Jak-STAT pathway is activated by DCV, West Nile virus, SINV, and dengue virus among other viruses (22) (23) (24) . In both Drosophila and mosquitoes, knockdowns and mutations in the Jak-kinase led to an increase in viral infection, indicating an antiviral response involving the Jak-STAT pathway, presumably as a result of STAT-dependent expression of an antiviral effector molecule (23, 24) . When considering a specific response to virus infection, certain downstream molecules, vir-1, tepII, and DVRF1 and DVRF2, have been shown to be upregulated by various viruses (23) (24) (25) .
NF-B-like signaling pathways also play an antiviral role. The Toll pathway is activated in DXV-injected flies and the mutants of its transcriptional regulator, Dif, were more sensitive to viral injection (26) . Similar effects were also observed in Aedes aegypti mosquitoes upon DENV infection (27) . We have previously reported the involvement of the Imd pathway (which activates Relish an NF-B ortholog) in Drosophila antiviral defense to SINV (28) . Similar effects were demonstrated in cricket paralysis virusinjected flies (29) . While it is clear that these signaling pathways play a role in antiviral immunity, the complete profile of downstream effectors and their antiviral mechanisms are yet to be determined.
Our study focuses on the antiviral response of Drosophila melanogaster innate immune system induced by RNA replication of SINV. Mosquitoes, the natural vector of SINV, share conserved immune system pathways with fruit flies (30) (31) (32) . By using Drosophila, we are able to exploit the fully sequenced genome and powerful genetic tools to investigate the arthropod response to alphaviruses.
SINV has a positive-sense, single-stranded RNA (ssRNA) genome with a 5= cap and a 3= poly(A) tail. The virus genome consists of two open reading frames; the first encodes the nonstructural proteins (nsPs) essential for viral genome replication, and the second encodes the structural proteins and is translated from a subgenomic mRNA synthesized by the nsPs (33) . Previously, our lab generated a transgenic fly line encoding a SINV replicon RNA capable of expressing green fluorescent protein (GFP) in place of the structural proteins (UAS-SINrep:GFP) (28) . Crossing this fly line to tissue-specific GAL4 driver lines results in the launch of the transcription of the SINrep:GFP RNA from the fly genome. This RNA is capable of autonomous replication and expression of GFP, which serves as visual demonstration of viral genome replication in these flies (28) .
Using this transgenic fly system with the SINV replicon, Avadhanula et al. demonstrated both the Imd and the JAK-STAT pathways played an antiviral role in response to SINV replicon-mediated RNA synthesis. Reduced expression of Relish or STAT, the terminal transcription factors of the Imd and Jak-STAT pathways, respectively, resulted in increased viral genome replication. Moreover, injecting SINV into Relish mutant flies led to higher virus titers. These results suggested an overall antiviral mechanism for both pathways (28) .
To further characterize the antiviral responses mediated by Relish and STAT, we performed microarray analyses in search for SINrep-sensitive genes. Using the SINV replicon system allowed us to focus solely on the host response to viral genome replication, a process requiring the production of viral nsPs, the formation of the RNA synthetic complex, and the production of viral RNAs. We report genes found to be SINrep sensitive and responsive to Relish and/or STAT. We identified 95 SINrep-sensitive genes with a Ն2-fold change in expression; 80 were upregulated and 15 downregulated compared to the control. Of these genes, two encode antimicrobial peptides, attC and dptB. Knocking down these genes led to either an increase in viral RNA synthesis or defects in development in the presence of SINrep. Furthermore, intrathoracic injection of infectious virus into the attC or dptB knockdown flies resulted in a higher viral load. These findings demonstrate that the antimicrobial peptides, AttC and DptB, are involved in Drosophila antiviral response to SINV. Table 1 ) were obtained from the Bloomington Stock Center and the Vienna Drosophila RNAi Center. Fly stocks were raised on standard cornmeal-agar medium at 25°C. Penicillin-streptomycin was added to the agar in fly crosses to prevent bacterial contamination. Fly lines used for microarray analysis, and all fly crosses tested as Wolbachia-free. The FlyBase (www.flybase.org) accession numbers for the genes used in the text included actin5C (CG4027), relish (CG11992), stat92E (CG4257), dptB (CG10794), and attC (CG4740).
MATERIALS AND METHODS

Fly stocks. Fly stocks (listed in
Microarray analysis. Four replicate pools of adult flies from both Act5C-GAL4, UAS-GFP and Act5C-GAL4, UAS-SINrep:GFP lines were collected 3 days after eclosion. Flies were snap-frozen in liquid nitrogen, and RNA was extracted using TRIzol reagent (Life Technologies, Grand Island, NY). A whole-genome microarray was conducted using the Drosophila Genome 2.0 Array (Affymetrix, Santa Clara, CA) to compare the transcriptome between Act5C-GAL4, UAS-GFP, and Act5C-GAL4, UASSINrep:GFP. Sample preparation, hybridization, and analysis of variance were conducted by Indiana University-Purdue University Indianapolis Center for Medical Genomics. Annotations on the cellular compartments and biological processes of the identified genes were based on information from Flybase. Analysis parameters were set to a fold change of Ն2 and a P value of Յ0.01.
The microarray data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (34) and are accessible through GEO series accession number GSE42726 (http://www.ncbi.nlm.nih.gov /geo/query/acc.cgi?accϭGSE42726).
Real-time quantitative RT-PCR analysis. Adult flies were snap-frozen in liquid nitrogen 3 days after eclosion and stored at Ϫ80°C. Flies were homogenized in TRIzol reagent, followed by RNA extraction. cDNA was synthesized used AffinityScript QPCR cDNA synthesis kit (Agilent, Santa Clara, CA) with random hexamer primers. Negative (no reverse transcriptase [RT]) controls were performed for each sample. Quantitative RT-PCRs (qRT-PCRs) were prepared using Brilliant III SYBR green QPCR master mix (Agilent) with gene-specific primers according to the manufacturer's protocol and with the Applied Bioscience StepOnePlus qRT-PCR machine (Life Technologies). The expression levels were normalized to the 18S rRNA expression using the delta delta comparative threshold method (⌬⌬C T ). Fold changes were determined using the comparative threshold cycle (C T ) method. The primer sequences are available upon request.
Fly crosses. (i) Knocking down attC in SINrep.
We first crossed attC Ϫ/Ϫ ; ϩ/ϩ(25598) to the balancer Sco/Cyo; ϩ/ϩ (stock was a gift from Justin Kumar). The resulting progeny, attC Ϫ /Cyo; ϩ/ϩ, was then crossed to ϩ/ϩ; SINrep/TM3, yielding siblings of attC Ϫ/ϩ ; SINrep/TM3 and the control Cyo/ϩ; SINrep/ϩ (SIN WT) (see Fig. 4A ).
(ii) Knocking down dptB in SINrep. We first crossed SINrep to UASdsRNA-dptB or UAS-RFP (red fluorescent protein). The UAS-RFP line served as a selection marker, as well as a promoter control to ensure a similar level of promoter usage, i.e., basal UAS-SINrep:GFP transcription level. The F 1 progeny Act5C-GAL4, UAS-SINrep:GFP/UAS-dsRNA was crossed to the F 1 Act5C-GAL4, UAS-SINrep:GFP/UAS-RFP. In this way, we were able to yield both the F 2 Act5C-GAL4, UAS-SINrep:GFP/UAS-RFP (SIN WT) control and the F2 SIN-dsRNA-dptB knockdown mutant (Act5C-GAL4; UAS-SINrep:GFP/UAS-dsRNA-dptB) as siblings within the same cross. 
Cells and viruses. BHK-21 cells (American Type
Culture Collection, Rockville, MD) were cultured in Eagle minimum essential medium with Earle's balanced salt solution, supplemented with 10% fetal bovine serum and 0.1% penicillin-streptomycin, at 37°C and 5% CO 2 .
TE3=2J-mcs Sindbis virus construct was a gift from Zachary Adelman and Kevin Myles (Virginia Tech) and modified to insert the eGFP sequence in the multiple cloning site. Virus was generated through the transfection of the in vitro-transcribed TE3=2J-GFP RNA into BHK-21 cells. Virus was harvested after 48 h, purified through a 27% sucrose cushion, and resuspended in 1ϫ phosphate-buffered saline (PBS). The concentration was determined by titering on BHK-21 cells.
Virus injections. Adult flies were injected with 10 6 PFU of TE3=2J-GFP 3 days after eclosion. A Nanoject II automatic nanoliter injector (Drummond, Broomall, PA) was used for intrathoracic injection. Flies were snap-frozen 2 or 4 days postinjection. Single fly lysates were made using 1ϫ PBS with protease inhibitor cocktail (EMD; Millipore, Billerica, MA) and filtered through a 0.22-m-pore-size polyvinylidene difluoride membrane (Sigma, St. Louis, MO). Lysates were titered on BHK cells and scanned with a Typhoon 9210 imager to detect GFP fluorescence (GE Healthcare, Pittsburgh, PA). Plaque images were analyzed using ImageJ software (35) .
Statistical analyses. All P values were calculated using the Student t test. In the injection assays, outliers were determined using the Grubb's test. The average fold changes in titer (see Fig. 5C ) were calculated using the variable bootstrapping method, measuring the fold change between each potential pair of flies to determine the variability of the mean (36) .
RESULTS
Identification of transcripts altered by SINV replication.
Our lab and others previously demonstrated the importance of the Imd and Jak-STAT pathways in inducing an inhibitory response to viral infection (23, 24, 28) . These pathways result in the translocation of a transcription factor (Rel or STAT) to the nucleus, activating the transcription of downstream effector genes. To identify downstream effectors that are involved in the host response to SINV replication, we performed a microarray analysis. Act5C-GAL4, UAS-SINrep:GFP (hereafter referred to as SINrep) and Act5C-GAL4, UAS-GFP (GFP) flies were collected 3 days after eclosion. Total RNA was isolated from whole flies and submitted for microarray analysis in search for SINrep-sensitive transcripts. We set our analysis parameters at a fold change of Ն2 with P value of Յ0.01. A total of 95 genes were differentially transcribed in the SINrep flies compared to the control GFP flies (see Dataset S1 in the supplemental material). The most abundant categories of biological processes were metabolic processes, proteolysis, defense responses, transcription, and signal transduction (Fig. 1) . The protein products of these transcripts are found in compartments throughout the cell: extracellular regions, intracellular regions, the nucleus, and membranes. We validated these results by qRT-PCR using gene-specific primers. Twenty-two genes that showed alterations in expression levels in the microarray analysis were chosen for validation. These genes were chosen to represent the range and distribution of expression changes seen in the microarray results. Genes that showed a fold change of Ն2 compared to the control in the microarray analysis exhibited similar changes by qRT-PCR analysis, confirming the differential transcription profiles demonstrated in the microarray analysis (Fig. 2) .
Identification of SINrep-sensitive genes regulated by the Imd and Jak-Stat pathways. It has been previously shown that mutations in the Imd and Jak-STAT innate immunity pathways lead to an increase in SINV replication. We examined the regulation of transcriptional changes found in the microarray by the Imd and Jak-STAT pathways. We analyzed the 2-kb-upstream sequences of all 95 SINrep-sensitive genes for Rel and STAT binding sites. Thirtyeight genes had at least one predicted Rel binding site (GGGGAT TTTT/CCCNN, where GGGGA are the critical residues) (37). Sixty-one genes had at least one canonical STAT binding site (TTCNNNGAA, where the ϩ3C and ϩ7G are critical residues) in combination with at least one canonical STAT binding site with one nucleotide change (38) . Thirty-seven genes had a least one STAT binding site with one nucleotide change. To examine the dependence of these genes on Imd and JAK-STAT signaling in responding to SINV replication, candidate genes with Rel or STAT binding sites were chosen for validation (Table 2) . SINrep flies were crossed with Relish or STAT mutant flies. SINrep flies which were heterozygous for the rel or stat mutation were compared to sibling flies containing only SINrep (SIN WT). RNA was extracted from progeny of these crosses and used for qRT-PCR analysis with gene-specific primers to examine the transcription of genes of interest. Transcription of genes examined in the SINrep/stat ϩ/Ϫ flies decreased by at least 50% compared to the sibling SINrep WT control (Fig. 3A) . SINrep/rel ϩ/Ϫ mutant flies also showed a decrease in the transcription of genes with Rel binding sites compared to the SINrep WT flies (Fig. 3B) . These changes in SINrep/ stat ϩ/Ϫ and SINrep/rel ϩ/Ϫ mutants indicate that the transcription of these genes is under the control of STAT or Rel. In contrast, levels of a housekeeping gene, actin79B, did not significantly change with either mutation. Among these SINrep-sensitive and STAT-or Rel-regulated genes, we chose to characterize the effects of attC and dptB on virus replication. These genes have been previously shown to code for antimicrobial peptides involved in insect innate immunity (39) (40) (41) .
Effect of antimicrobial peptides on virus replication. To examine the effect of attC and dptB on viral genome replication, we effectively reduced expression of both genes using mutant stocks according to the crossing schemes in Fig. 4A and 4C (for details, see Materials and Methods). The heterozygous attC mutant fly exhibited a 70% knockdown in attC mRNA levels (Fig. 4B) . The heterozygous mutant progeny, attC Ϫ/ϩ ; SINrep/TM3, demonstrated a modest 1.79-fold increase in viral nsP1 levels in comparison to the sibling SINrep WT control fly (P Ͻ 0.005; Fig. 4B ). This indicates an antiviral effect of AttC on viral replication.
We also efficiently knocked down dptB transcription (92% knockdown) using a UAS-dsRNA-dptB line (28975) driven by Act5c-Gal4. The crossing scheme is described in Fig. 4C (see also Materials and Methods). The viral nsP1 levels in dptB knockdown mutants were not significantly changed compared to their sibling controls (data not shown). However, during progeny collection, contrary to the theoretical 1:1 ratio, we noticed a very low number of SIN-dsRNA-dptB progeny compared to their SIN-RFP siblings, indicating that many of the SINrep-mutant progeny were dying, leaving those least affected to be assayed (Fig. 4D) . We observed that the survival issues of SINrep-dsRNA-dptB knockdown mutants seemed to occur during early pupation (data not shown). This biased progeny composition was gene specific since, when we examined UAS-dsRNA-luc as a nonspecific targeting control, the ratio of (SINrep dsRNA)/(SINrep wt) was 0.85, significantly higher than that of the dptB knockdown mutants (0.53, P Ͻ 0.01; Fig. 4E , gray bars). In another set of control crosses where the double-stranded RNA (dsRNA) lines were crossed to the wildtype Act5C-GAL4/TM6 (WT) driver line in the absence of SINrep, the ratio of (WT dsRNA)/(WT wt) were very close to the predicted 1:1 (Fig. 4E, black bars) . Therefore, knocking down dptB in the presence of viral genome replication appeared to have a detrimental effect on fly development and survival. Due to this problem, examination of RNA synthesis in dptB mutant flies was not continued. Analysis of the effect of dptB on virus replication was continued using infection with whole virus (see below). Effect of antimicrobial peptides on virus production. We continued to characterize the putative antiviral role of AttC and DptB by performing injections in dsRNA-attC or dsRNA-dptB knockdown flies using whole SINV (TE3=2J-GFP). UAS-dsRNAattC flies or UAS-dsRNA-dptB flies were crossed with Act5C-GAL4/TM6 to drive expression of the dsRNA-attC and the dsRNAdptB constructs. Undriven UAS-dsRNA-attC; TM6 progeny were used as controls for their sibling knockdown progeny UAS-dsRNA-attC; Act5C-GAL4. The dsRNA-attC knockdown flies showed a 70% decrease in attC transcript levels in comparison to the control flies as determined by qRT-PCR (Fig. 5A) . Virgin female flies with reduced (UAS-dsRNA-attC; Act5C-GAL4) and normal (UAS-dsRNA-attC;TM6) levels of attC were infected by intrathoracic injection with of TE3=2J-GFP Sindbis virus and then collected and snap-frozen 2 or 4 days postinjection. Single fly lysates were titered on BHK cells. At 2 days postinjection, the flies with reduced attC (UAS-dsRNA-attC; Act5C-GAL4) showed an average virus titer of 1.72 ϫ 10 4 PFU/fly, a 4.05-fold increase over the control flies (4.24 ϫ 10 3 PFU/fly, P Ͻ 0.005) (Fig. 5B) . In contrast, flies expressing a nonviral, non-Drosophila dsRNA to luciferase (UAS-dsRNA-luc/Act5C-GAL4) did not show a significant difference in virus replication compared to control UASdsRNA-luc/TM6 flies. This showed that the increase in virus replication was due to the knockdown of attC and not due simply to the expression of a dsRNA.
When determining differences between dsRNA-attC and con- trol fly titers, we also performed variable bootstrapping to determine the variability of the mean (36) . This method allows us to examine every potential pair of dsRNA-attC and control flies as individual experiments to determine a more accurate average fold change. Using this method, the dsRNA-attC flies showed an average fold change in virus titer of 9.93 Ϯ 3.56 (P Ͻ 0.005; Fig. 5C ). In contrast, the dsRNA-luc flies do not show a significant change from the control flies. When examining the flies over time, the individual fly titers in the dsRNA-attC flies continue to increase over time, maintaining the 4-fold increase over the control flies at 4 days postinjection (Fig. 5D ). Taken together, the SINrep, attC Ϫ crosses and injection experiments demonstrate that knocking down attC leads to an increase in virus replication and an even greater increase in whole virus production, indicating an antiviral role for AttC.
We also continued the analysis of dptB using whole virus injections. UAS-dsRNA-dptB flies were crossed with Act5C-Gal4 flies to generate the driven RNAi knockdown progeny (UAS-dsRNAdptB; Act5c-GAL4) and its sibling control (UAS-dsRNA-dptB; TM6) Reduction of dptB transcript levels in the dsRNA knockdown compared to the control flies was 92% (Fig. 5A ). Flies were injected with TE3=2J-GFP Sindbis virus and harvested at 2 or 4 days postinjection. The UAS-dsRNA-dptB; Act5c-GAL4 flies had an average virus titer of 2.24 ϫ 10 4 PFU/fly, a 2.78-fold increase over the control flies (8.04 ϫ 10 3 PFU/fly, P Ͻ 0.05) (Fig. 5B.) To further analyze the fold change, we used variable bootstrapping to determine the variability of the mean. When taking every potential dsRNA-dptB and control comparison into account, the virus titers in the dsRNA-dptB flies demonstrated a fold change of 14.21 Ϯ 5.83 (P Ͻ 0.05) (Fig. 5C ). Virus titers in UAS-dsRNA-luc/ Act5c-GAL4 flies showed no significant difference from those in control UAS-dsRNA-luc/TM6 flies, again indicating that the proviral effect of knocking down dptB was not simply a consequence of generalized activation of the RNAi pathway. The individual fly titers continue to increase over time as shown by the titers at 4 days postinjection (Fig. 5D) . These data indicate an antiviral role for DptB during SINV infection.
DISCUSSION
Arthropods infected with alphaviruses develop a persistent infection that is controlled but not cleared by the immune system. The arthropod immune system consists of the RNAi pathway, as well as the Toll, Imd, and Jak-STAT signaling pathways, which result in changes in the transcriptome leading to the production of proviral and antiviral factors. Previously published microarray studies have reported many genes that are regulated in response to alpha-and flavivirus infections in Drosophila S2 cells, Aedes aegypti midguts, and whole Aedes aegypti mosquitoes (25, 42, 43) . In the present study we identified 95 genes with significantly altered expression as a result of SINV replication in whole Drosophila. Although genes found in our whole Drosophila microarray did not specifically match those previously published in microarrays, there are categories of genes that are found in all, such as genes involved in proteolysis, the defense response, and regulation of transcription. The differences between studies clearly show that particular aspects of the response to virus infection vary depending on the level at which the infection is studied, i.e., cellular, tissue, or organismal. Likewise, various responses to different pathogens indicate the ability of the arthropod innate immune system to distinguish between pathogens and mount a specific response. In the current microarray study using the transgenic SINrep flies, we were able to examine the responses specific to viral RNA replication at the organismal level. Through this method we were able to determine changes that are a result of the components and processes of viral genome replication in the absence of the structural proteins and entry/release processes.
To examine the response of Drosophila to SINV replication, we focused on the Imd and Jak-STAT pathways that have been implicated in the antiviral response. Among the 95 altered transcripts, several genes have been previously identified as part of the Imdmediated defense response. PGRP-SD plays a role in detecting bacterial infections by binding peptidoglycan (44) . A proline-rich antimicrobial peptide, Mtk (Metchnikowin), and a catalytic PGRP (PGRP-SB1) are both expressed upon Imd activation and showed significant upregulation in SINrep flies (45, 46) . We did not see any upregulation of signaling molecules responsible for the antibacterial response of the Imd pathway, including relish, imd, dfadd, dredd, ird5, tab2, and key, though we have previously shown that SINrep flies heterozygous for these molecules had higher viral RNA load (28) .
To identify other Imd-regulated genes, we examined the 2-kbupstream sequences of all 95 SINrep-sensitive genes for Rel binding sites. Using the Rel-binding sequence parameters determined by Busse et al. (37), we identified 38 genes with Rel binding sites and validated a subset of these as Rel responsive. Variations in B binding sequence and numbers of B sites determine the differential regulation by the three NF-B homologues involved in fly innate immunity: Relish, Dif, and Dorsal (37) . This may explain the fact that certain genes with a single B site (e.g., CG6640) only showed slight downregulation in a Rel heterozygous background (Fig. 3B) .
Studies of the Jak-STAT pathway have identified transcripts expressed through activation of the Jak-STAT pathway by different stimuli. Previously, totA and other tot family members were shown to be upregulated in response to cellular stress (47, 48) . Other identified genes such as tepI, tepII, and raf code for proteins involved in phagocytosis, opsonization, and hemocyte proliferation in response to Gram-negative bacterial infection (25, 49, 50) . During DCV or dengue virus infections, the Jak-STAT pathway was shown to be activated and induce the transcription of vir-1 or DVRFs, respectively (23, 24) . In the present study, we report that of the 95 SINrep-sensitive genes 61 of these genes have STAT binding sites. Upon validating a subset of these genes, we demonstrated that expression is inhibited with the removal of STAT. We did not find significant changes in the transcription of tepI, tepII, raf, vir-1, or DVRF1 and DVRF2 in response to SINrep; however, this is not surprising since different stimuli have been shown to invoke different responses from the Jak-STAT pathway (7, 23) . Surprisingly, totA and totC show decreased mRNA levels in response to SINrep, contrary to previous reports of increased expression during septic injury. The difference could be explained by different inputs to the Jak-STAT pathway, leading to different outcomes. A recent study identified Vago as an alternative input to the Jak-STAT pathway during virus infection through a yet-to-beidentified receptor (51) . We observed increased expression of vago in Drosophila as a result of SINV replication (Table 1 ). An alternative input to the Jak-STAT pathway, such as Vago, could be responsible for differential regulation of downstream effector genes. The tot genes have been shown to be expressed through the activation of Jak-STAT through the canonical Upd-Domeless ligand-receptor pair (47) . The decreased levels of the tot transcripts in response to SINrep may be indicative of competition for Hop-STAT machinery between Upd-Domeless and the unidentified Vago receptor. The use of an alternative receptor-ligand pair, as well as the potential downstream effects on STAT modification and activation, may provide information about arthropods' ability to distinguish between pathogens and mount a specific response. More research is needed to further confirm alternative activation of Jak-STAT and its role in differential gene expression.
Through our analysis of SINrep-responsive genes in whole Drosophila, we identified two antimicrobial genes, attC and dptB, which were upregulated in response to SINV replication. Levels of attC or dptB mRNA decreases significantly in stat ϩ/Ϫ or rel ϩ/Ϫ flies, indicating regulation by the Jak-STAT and Imd pathways, respectively. In addition, when attC or dptB is knocked down, SINV levels increase, suggesting an antiviral mechanism. attC and dptB are both found on chromosome 2. dptB is 0.6 kb downstream of another Imd-responsive antimicrobial peptide, dpt, on chromosome 2, and they share a 43% overall gene sequence identity (52) . Despite its close proximity and potentially similar regulation pattern, dpt was not identified as SINrep sensitive. attC is one of four attacin-encoding genes; attA and attB are located on chromosome 2, while attD is on chromosome 3. The AttA and AttB proteins share 98% identity with each other, and AttC is 73% identical to AttA and AttB (52) . The expression of attA, attB, and attD was not found to be SINrep sensitive. In regard to protein structure, DptB is very similar to the attacins (52) (Fig. 6 ). Both DptB and AttC have a signal sequence that is thought to be required for secretion from the cell. The proteins are further processed by the removal of the proline-rich propeptide domain that is similar to the proline-rich domain found in drosocins (52) . DptB shares the canonical furin cleavage site (RVRR) with AttA and AttB, while the AttC cleavage site differs by one amino acid (RARR). The AttC propeptide, also known as Maturated Prodomain of Attacin-C (MPAC), has been shown to have antibacterial activity, independent of the rest of the protein (53) . AttC and DptB also include glycine-rich regions. AttC has an additional glycine-rich region and an N-terminal attacin domain
FIG 6
Protein domains of AttC and DptB. AttC and DptB are both glycinerich, secreted peptides. Both contain a signal peptide sequence, which is cleaved at a putative signal peptidase sequence. The propeptide (or P domain) is proline-rich and followed by a furin-like cleavage site (RARR or RVRR). Both proteins have the glycine-rich G2 domain. In addition to these, AttC also has an N-terminal attacin domain and an additional glycine-rich domain, G1.
that is similar to that of AttA, AttB, and AttD (52) . Previously, AttC has been characterized as an antimicrobial peptide in response to Gram-negative bacteria in Hyalophora cecropia (39, 54) . Carlsson et al. determined that AttC was able to interact with the lipopolysaccharide of Escherichia coli and disturb the structure of the outer membrane and function of outer membrane proteins (54) . Through this interaction the synthesis of outer membrane proteins is inhibited and the expression of stress response proteins is induced through an unknown mechanism (54) . Currently, no mechanistic analysis on DptB has been performed except for a role in the humoral response to bacterial infections and temperature stress (55) . Other proline-rich antibacterial peptides in the drosocin family have been shown to bind to bacterial proteins such as DnaK inhibiting their function (56) .
Due to the similar protein structure of these peptides, it seems reasonable to hypothesize that they may have similar functions and possible redundancy. Previously reported work indicates that similar peptides are able to interact with lipopolysaccharide of Gram-negative bacteria or intracellular bacterial proteins (54, 56) . A possible protein-binding role of AttC and DptB could occur with a viral protein at any stage of the cell cycle: with the nonstructural replication complex, with the structural proteins during assembly, or with the spike proteins on the virus particle in the extracellular environment. Because SINrep replication increased in an attC heterozygous mutant in the absence of viral structural proteins, we can hypothesize that AttC interacts with a viral or cellular component of the replication complex, thereby inhibiting replication. The effect is amplified when virus injections are used in attC knockdown flies. More work is needed to determine whether this is a downstream effect of AttC's inhibition of replication or whether AttC interacts with other viral proteins and processes.
Hyalophora attacin has previously been reported to remain in the extracellular environment to exert its antibacterial effect on bacterial cells (54) . However, the case may be different due to processing of attacin and/or the type of pathogen. Mutations in dptB did not affect the levels of SINrep replication but did decrease the level of virus production. It is possible that while the expression of dptB is induced by virus infection, DptB does not directly influence virus replication, but another aspect of the virus life cycle directly or indirectly. This fits with our data showing no change in nsP1-encoding RNA levels during SINrep replication but an increased viral load in dptB mutants. In addition, there is a developmental defect in dsRNA-dptB knockdown flies in the presence of SINrep. This may indicate an additional role for DptB in antiviral immunity during development. More work is needed to determine the function and localization of AttC and DptB during SINV infection and their possible interactions with viral proteins and processes.
In summary, we have identified a list of candidate genes from our microarray analysis that are SINrep sensitive and regulated by the innate immune pathways of Drosophila melanogaster. Among these genes, we demonstrated the antiviral role of attC and dptB in both the replicon fly system and whole virus injections. These results display the power of Drosophila genetics in aiding in identification and characterization of arthropod host factors that interact with the virus. Further characterization of upstream signaling cascades and the molecular mechanisms of effector molecules will provide additional insights into how innate immunity responds to viral infection.
